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FOREWORD

Phase I Final Report covers the feasibility study of Cycloidal Cam
Transmissicns for Army aircraft application. The contract for
this study was designated as DA44-177-TC-651, and the commenc-
ing date was June 28, 1960. The principal engineers and scientists
engaged in the study are T. Barrow, A.W. Brandstetter,

J.S. Morgan and R. H. Tomren, frocm the Lynwood, California
facility of Western Gear Corporation. The company contract
administrator is Eric Marlor. The government representatives at
U.S. Army Transportation Research Command Headquarters,

Fort Eustis, Virginia, are Lt. Colcnel A. M. Steinkrauss, Contract
Administrator, and Mr. Wayne A. Hudgins, Project Engineer.

The contract is divided into three phases, namely Study, Design
and Manufacture. The report covers the period June 23, 1960
through January 24, 1961, which is the study phase. This portion
of the report is defined as an analysis of the capacity of the sub-
ject transmissions to provide Army aviation with a lightweight,
high~-reduction system design. The study, moreover, is to dis-
close the upper power transmission limitations of the concept
relative to efficiency, fatigue life, reliability and other factors. It
is limited to reducticon ratio aspects, in the range from 18:1 through
horsepower, and the speed range covers 4760 to 30, 000 rpm.
Special emphasis was given to the 280-2520 horsepower and 19:1-
150:1 reduction ratic sections to study compatikility with present-
day gas turbine engines.

During the work, the engineering team was aided by such govern-
ment organizations as the U.S. Patent Office, the U.S. Government
Research Reports and Armed Services Technical Information Agency
(A.S.T.LA.).

Grateful acknowledgement iz extended to Prcofessor Charles K.
Wojcik of U. C. L. A, for his review cf cur kinematic studies; to
Hyatt Bearings Division for their rcller bearing material selections;
to SKF Industries for their 2id in assigning the distributicn of the
dvnamic loads; to Remingten Rand for their pregramming of cam
geometrv and to Douglas Aircraft Company fcr their aid in template
grinding.
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The advice and counsel of the following people at Western Gear
Corporation was very beneficial: L. A. Acurso, E.T. Bergquist,
M. E. Conlon, J.J. Davis, W. O. Engstrom, M. L. Headman,

J. K. Morris, R.A. Muller, J.H. Nasmyth, L. F. Perron,

F. Shortman, J.J. Webber. In addition, the following consul-
tants aided the program: J.C. Hambric and L. D. Martin.

There also remains the pleasant duty of thanking Hannchen Beard
for the typing and proofreading of this report.

The conclusions herein have been arrived at through the theoretiialTs
analyses so far performed, but have not been test proven and should
not be considered as final conclusions by the authors or Western
Gear Corporation.

R.H. Tormren

January 1961
Revised Edition
June 1961

Lynwood, California
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SUMMARY

During Phase I of the contract, weekly engineering meetings were
held for the purpose of reviewing progress and to stimulate new
ideas. Listed below are highlights of the meetings:

Meeting Number 1
July 5, 1960
~Contract Briefing

Meeting Numbér PR
July 12, 1960
L1terature Search

Meeting Number 3
July 18, 1960
Cycloid Cam Kinematics

A general review of the contract
covering the three phases;
Study, Design and Manufacture.

‘Ground work for the method of

tabulatmg 11terature was estab-

lished. " The method is'based on
.'TRECOM Circular 715-10. The

range of : transmission investi-

- gation was divided into three

general areas -

250 horsepower
30:1-to 150:1 ratios

800 horsepower
30:1 to 150:1 ratios

2500 horsepower
30:1 to 150:1 ratios

The basic fundamentals of the
cycloidal cam was reduced to
a three-lobe cam. A paper
and wooden model was started
so that the action could be
better understood. Planetary
gearing, bearings, materials,
stress, etc. were outlined for
investigation in relation to the
subject contract.

@




Meeting Number 4

July 26, 1960

Design Parameters with
Model Studies '

‘Meetfing Number.5

August 2, 1960

- Patent Evaluation and Design
- Sketches of Cam Action

Meeting Nimber 6

August 9, 1960
Manufacturing Techniques for
Minimal Costs

Meeting Number 7
August 16, 1960
Weight and Loading Analysis vs

Horsepower Spectrum

Meeting Number 8

August 23, 1960
Analytical Study for Ratios
28:1 through 160:1

A review of a visit to TRECOM
and the Patent Office delineated
the paths for research and study
in Phase I. Parameters of some
of the current helicopter trans-
missions were reviewed for
comparisons with cycloidal cam
parameters. The method of
gathering preliminary manu-
facturing information was
started.’

Patent evaluation revealed that

" a combination of gearing and |

cycloidal cam action would be a
good approach. The major por-
tion of the literature search was
completed. Cam action of the
three-lobe study revealed the
relationship of the eccentric
movement relative to the fixed
pins and reverter pins.

Grinding operations for the cam
plates and other rolling surfaces
were considered for surface
hardness, tolerances, accura-
cies, etc.

Four-bar-link vector analysis
is one of the basic criteria for
preliminary design layouts. The
three cam plate configuration is
preferred.

Cam layouts for various ratios
and sizes revealed the practical
limits of width and depth of cam

lobes. The information was

reviewed with our production
people for their comments and
suggestions.




Meeting Number 9
August 30, 1960
Component Evaluation for
Reliability

Meeting Number 10
. September 6, 1960 -
Review of Mater1a1 for

Progress _Report Number 2

Meeting Number 11
. September 13, 1960
"TRECOM visit

Meeting Number 12
September 20, 1960
Open Discussion

Meeting Number 13
September 27, 1960
Review of Parametric Data

The multiplicity of bearings for
the transmissions upsets the
classical reliability theory.
Modification of theory was

‘reviewed in terms of fall-safe

améraft operations.

- The materlal 1ncluded prelim-
.*, inary designs for 250 horse-"

power and 800 horsepower, as
well as.loading and design

- information.

Wayne Hudgins of TRECOM
visited Western Gear. The
advantages of staging for ratios
in excess of 30:1 were demon-
strated by graphical layouts.
UNIVAC 120 computer can be
adapted for mathematical
expressions. Radioisotope:
tracing could be a feasible
method for studying wear of .
component parts.

TRECOM requested a Display
Model be delivered to them by
October 20th. Many ideas were
offered ar.d these were resolved
into a working model (6144B27).
Parametric data in the form of
charts and graphs were com-
pleted and included in Progress
Report Number 3.

Programmed data for UNIVAC
120 ‘has been resolved, and as
an end product, a radius rela-
tionship was discovered for the
cam lobes. This means that the
cams can be manufactured and
checked to a high degree of
accuracy.




Meeting Number 14
October 4, 1960

Dry Weight Comparison of
Gear and Cycloidal Cam
Transmissions

Meeting Number 15
October 11, 1960
Final Design Review

Meeting Number 16
October 18, 1961

Final Report Review for
Progress Report Number 3

Meeting Number 17
October 25, 1960
Work Assignments for
Final Report

Meeting Number 18
November 1, 1960
Final Meeting .

Most of the meeting was devoted
to the progress of the Display
Model through its various manu-
facturing stages in the experi-
mental department. A great
deal of "model" interest has
been generated. Dry weight
values of . 3 to . 4 pounds per
horsepower appear to be
realistic.

Single staging, double staging,
modularizing, differential, etc.
were covered in the review.

Material will include model
information as well as any
recent new ideas.

Work assignments were made
for Phase I, Final Report.

The final report (roughidraft)
scheduled for delivery to
TRECOM November 19th.
More new ideas were crystal-
lized for the report.

Listed below is a summation of information developed during Phase

I:

1. The Cycloid Cam Transmission appears to be feasible for
Army aircraft.

2. The combined dynamic and static lecad stresses are not con-
sidered excessive.

3. Use of exotic materials would enable the weight/horsepower

ratio to be further depressed, if desired.




10.

11.

The weight/horsepower ratio for reductions in the 19:1 to
150:1 range for a spectrum spanning the interval from
280-2520 horsepower, inclusive, varies from . 30 to . 40.

The efficiencies are comparable with conventional gear
systems in the low horsepower range, but better at the
high end of the horsepower and reduction spectrums.

Reduction is a function of the ratios of the base circle
radius to the generating circle radius or:

The crank eccentricity should nct exceed 60-75 percent of
the generating circle radius for workable profiles.

Maximum crank eccentricity should be limited to hold
crank bearing loads to nominal values.

Reaction rollers rotate wiih a non-uniform rpm and in the
same direction as the input shaft.

The outer races of the reverter bores, whichare integral
with the cam plate, rotate about the reverter pin with the
same frequency and in the same sense as the input shaft.

The lines of action of the roller loads all converge at the
instantaneous center of the system. The instantaneous
center lies along the line made by the crank center and
the axial center of the input at a distance ¢ from the
latter, where:

40- e's éx w-l
wr2

e = eccentiricity

wy input rotary speed

wy output rotary speed




12,

13,
14

15.

16.

17.
18.

19.
20.

The dynamic load acts along the line of eccentricity and
through the point of confluence of the reaction roller loads.
The magnitude of the dynamic load per cam plate is:

F=mewi:"Z

Where:

- m = mass of the gyrating carﬁ plate aséembly

¢ = crank eccentricity
W'i'= input rotary speed

Many practical cam lobe layouts discloée the profiles to be

. circular arcs.

The significance of item 13 is that manufacture and inspec-
tion of the cam lobes is simplified.

The general expressions for the cam profile, in parametric

form, have been programmed for Western Gear's UNIVAC
120. The expressions are:

Xc=(R+a)Sin¢+bSinEB_+_§)¢] -fsm Taﬁ1 (bSin {gx_(é} ) +@] —
a a

a+bCos ‘__
a

¢ =(R+a)Cos@xbCos E_l}i@)?l DDCOS Tan—l(bSin{Bﬁ(é} ) +¢
a a

a+bCos*® (Bﬁ(ﬂ}
L &

The load studies were based on the 4-bar linkage principle.

The bearing industries practices were reviewed for allowable
Hertz stresses.

The Hertzian S-N curves were charted and used for deter-
minations of cyclic life for bearing surfaces.

A display model with an 18:1 reduction was constructed.

The display model verified the system kinematics.




21,

22.

23.

24.

25.

26.

217.

Inversion of the cycloid was practiced with the model. The
tabulated results follow:

Output Rota-
tation Re-
Drive Stationary Driven Input/Cutput ferred to
Type Member Member Members Ratio Input
A eccentric reaction reverter N Opposite’
cage cage
B eccentric reverter reaction N+l Same
cage cage
C reverter eccentric reaction N Same
cage cage N+1
D reaction eccentric reverter N+1  Same
cage cage N

A 280 horsepower module has been presented-in.two prelimi-
nary-designs. One is a19:1 and:the.other a.29:1:reducer.. ..~

These units serve as the building block modules for greater
capacity units, covering the power spectrum from 280-2520
horsepower and reduction ratios from 19:1 to 150:1. Illus-
trations of the nested assemblies covering the horsepower
spectrum have been made.

The preliminary designs have been developed to assure the
frontal area diameters fall within those of the jet engines
they are to complement.

Bearings were selected for a design B-10 life of 1000
hours.

The two main structural materials recommended are steel
and aluminum. The steels are AISI No. 4340, 4620, 9310
and 52100. The aluminums are 7075T6 and 356T6.

Exotic materials have been selected as alternates for those
already listed. Their use would increase prototype costs.
Secondary consideration is offered them due to their lower
specific gravities. The materials are Titanium, to replace
steel and magnesium as a substitute for aluminum. The

7




28.

29.

30.

Titanium alloys are: Ti-5A1-2.5 Sn, Ti-8A1-1 MO-1V and
Ti-6A1-4 Zr-1V. The magnesium alloys are: A-Z63 and

A-792.
applicable.

Beryllium alloys, judicidusly chosen, are also

The inversion characteristic of the cyclpid makes for flexi-
bility and greater reductions when stagegd.

TYPE E F G H
MEMBER
1st Stage
DRIVE Eccentric-Eccentric’ Ecceéntric Ecg¢entric.
STATIONARY Reéction Re'acvziion Reaction Reaction
Cage Cage Cage Cage
DRIVEN Reverter Reverter Reverter Reverter
Cage Cage Cage Cage
2und Stage
DRIVE Eccentric Eccentric Reventer: Reaction
Cage Cage
STATIONARY Reaction Reverter Eccentric Eccentric
Cage Cage
DRIVEN Reverter Reaction Reaction Reverter
Cage Cage Cage Cage
REDUCTION RATIO WNjNs  Nj(Ng+l) Nj(Ng+l) NyNg
NZ N2+I
OUTPUT ROTATION
REFERRED TO Same Opposite Opposite Opposite

INPUT

The modularized design proposed by the

with parts standardization.

study is compatible

Maintenance benefits from modularization permits sub-assem-
bly removals and replacements.

8




31.

32.

33.

34.

35.

36.

317.

Studies have been made for accessibility to the high and
low speed output shafts of jet engines.

Parametric charts and graphs have been drawn for the
modular cycloid reducers to emphasize their attractive
features and/or to compare them with contemporary de-
signs. They are:

Frontal Area vs Horsepower
Volume vs Horsepower

Weight vs Horsepower
Weight/Horsepower vs Input Speed
Weight vs Input Torque.

The cost estimates for the experimental units are based
on preliminary designs. The cost estimates are presented
in different breakdowns as follows:

Cost/Pounds vs Weight

Cost/Pounds vs Horsepower

Tooling and Test Costs vs Horsepower
Overall Cost vs Horsepower.

The Cycloid Cam Transmission studies have been extended
beyond the modular and the single stage concepts and
embrace a Roller Cam and a Differential Cam configuration.

Both the latter investigations involve transmission capabili-
ties of 280, 840, 1680 and 2520 horsepower and in each
horsepower level studies of reduction ratios of 29:1, 59:1,
89:1 and 149:1.

The Single Stage Roller Cam study results were tabulated
and graphed. the graphs reflect:

Weight vs Horsepower

Housing Diameter vs Horsepower

Weight vs Output Torque

Drive-Dynamic Loads vs Ratio (horsepower parameter)
Reduction

Ratio

Parameters.

The Differential Cam Transmission characteristics were
reduced to tabular form and incorporated in graphs represent-
ing:

9




38.

39.

40.

41.

42.

43.

Weight vs Ratio
Housing Diameter vs Ratio
Horsepower Parameters.

A kinematic study of the differential cam action was made
and illustrated.

Single stage cycloid cam transmissions of reduction ratios
29:1, 59:1, 89:1 and 149:1 for 280, 840, 1680 and 2520
horsepower units were analyzed. The results were tabu-
lated and graphed.

Cam Plate Diameter vs Horsepower
Weight vs Output Torque

Weight vs Horsepower

with reduction ratio parameters.

A preliminary Cycloid Roller Cam layout for an 840 horse-
power, 29:1, single stage reduction unit was made.

Some of Western Gears!' participation and experience in
military aircraft transmission~programs has.been conr-
piled -and. tabulated.

A patent search was instituted, and the material reviewed
was qualitatively evaluated. More than thirty patents were
carefully scrutinized. All were primarily concerned with
high-ratio, single stage reducers. The tabulated results
are included.

An extensive bibliography has been compiled and included
herein.
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CONCLUSIONS

The Cycloidal Cam Transmission appears feasible for Army air-
craft. The attributes that assure feasibility are:

1., The weight/horsepower ratio appears to be lower
than for contemporary transmissions of compar-
able reduction.

2. Uninterrupted engagement of the working surfaces
contributes to smooth, quiet operation and mini-
mizes dynamic shock loading. The reduction system
backlash requirements are low as compared to those
required for conventional gearing.

3. Efficiencies are comparable with low ratio spur gear
systems. The high ratio planetary gear systems
(usually employed in contemporary transmissions
of comparable reduction) appear to be less efficient
than the Cycloidal Cam Transmission.

4. Dynamic balance of the cam system by the utiliza-
tion of the triple cam plate design should permit
high input speeds of modern prime movers. Such
speeds are not practical for transmissions using a
single or double plate cam system.

5. The crank eccentricity must be maximized to
restrain crank bearing loads to practical values. A
safe maximum is 60-75 percent of the cam generatsm
ing circle radius.

6. The cam lcbe profiles are arcs of circles. This
permits accurate generation of profiles.

7. Cam-cutter diameter should be the same as the
diameter of the reaction rollers.

8. Frontal-area diameters of the modular configura-

tion are compatible with existing turbine engines of
comparable horsepower.

11




10.

11.

12.

13.

The modular configuration has an important advan-
tage. Where the use of two or more similar mod=..:
ules are used to handle a range of higher horsepower
capacities, the logistic problems and costs are
reduced. Where servicing is required, a serviced
and tested module could be substituted for a defec-
tive unit. This should be of particular importance
in advanced base operations.

The Differential Cam Transmission displays a more
favorable frontal-area diameter with varying horse-
power and reduction ratios than either of the single-
stage cycloids or the roller-cam configurations.

The differential cam drive weight curves show a
pronounced upward trend with decreasing reduction
ratios.

The compatibility of the differential cam concept is
more suitably disposed toward the high, rather than
the low, reduction ratics.

The reduction ratio for the single-stage, differen-
tial cam drive, with eccentric shaft input and
reaction roller cage output is:

R = N1(Ng2+1)
N1-N2

Where:

N1 = number of cam lobes on Ist-phase cam

N2 = number of cam lobes on 2nd-phase cam

|

a. When N9«N 1, input and output rotate in
the same direction.

b. When No»N7, input and output rotate in
opposite directions.

12




RECOMMENDATIONS

In the interest of simplicity, and to reduce manufacturing
time and costs, it is recommended that a finalized design
of the basic 2802horsepower module be processed. The
ratio could be either 19:1 or 29:1,sbut preferably the for-
mer, since this most closely approximates present trans-
missions used to drive rotating-wing vehicles.

Work on the module design of the 840-horsepower trans-
mission (6144D51) should be deferred until the refined
280-horsepower module design has been completed and
analyzed. The findings should result in more compact and
less costly future modules, and at the same time establish
parameters for the design of modules of greater horsepower.

It is recommended that a2 50-hour torque load test be con-
ducted on the 280 horsepower mcdule during Phase III of
the contract. For comparison with the noise levels of
present geared transmission, cound level studies should
be made during the test program.

The experience, gained in manufacturing the display model,
led to the conclusicon that it is possible to relax some of the
manufacturing tolerances applied to the cam lobes. Fur-
thermore, it may rot be mandatory to grind the cam lobe
contacting surfaces. The physical dimensional studies
should be made of these areas to determine the effect of
increased cam lobe to fixed rcller clearances and to
establish these limits. This may disclese that un-ground
cam prefiles will be satisfactory.

We recommend that a model be made to study the kinematics
of the right-angle cam {ransmission.

Further experimentation with the present Display Model

13




is recommended. Below are a few suggestions:

a. Replace the lucite cam plates with metal cam plates
and conduct simple loading tests.

b. Attach "strainline photoelastic' gages to the cam
plates in order to observe the loading kinematics
during testing.

c. Installation of anti-friction bearings and/or sleeve
bearings so that a momentary input speed of 6000
RPM may be observed.

d. Take slow motion movies of the model during the
experimental testing.

14




STATEMENT OF THE PROBLEM

Problem Areas

The problems involved in high ratio reduction units resolve into
two basic groups:

(1) static loading characteristics,
(2) dynamic performance.

In static loading, stress, deflection, direction of forces and
reactions, interaction of moving members with respect to each
other and the housing must all be evaluated, if a minimum weight
unit with maximum efficiency and capacity is to be achieved.
Bearing loads, compression loads at reaction points, shearing and
bending loads on reaction members, shafts and housings must all
be considered.

Consideration of dynamic performance raises the perennial prob-
lem of combining high speeds at the input with high loads in the
output for a single stage. One approach to relieve this situation

is the use of anti-friction bearings. Load concentration and space
required for anti-friction bearings in the quantities necessary, in
some types of reducers, severely limit the transmission arrange-
ment. Another solution is to design for low relative movement per
revolution of the input at the reaction points so that the total heating
is low

In some designs of high ratio reducers, wear and consequent en-
largement of clearances increase the pressure angles, thus aggra-
vating the loading. An error in spacing, or radial distance of
reaction members, or any combination therecf, result in concen-
trating load on one or more points, and under high input speeds
results in localized shock loading. The condition is aggravated by a
high ratio requiring 2 large number of individually located pins,
holes, slats, plungers, etc. The precise location of parts increases
fabrication and inspection costs proportionately.

Unbalance and vibration are serious problems with high speed

inputs, and since most high ratio, single stage reductions operate
with eccentric cam inputs and with differential output, the vibration
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magnitude increases" with gspeed and cam offset. Errors in pro-
gressive action create vihration of a lower amplitude and higher
frequency which are both noisy and destructive. .

The ideal, toward which all high-ratio% single stage reductions
strive, is for high loads at the point of no-motion, and high
speed at the point of no-load. Unfortunately, successive wedging
or lever action which creates the force to move the output mem-
ber must engage all the teeth, lobes, pins, plungers, etc., of
whatever system is in use, at a rate corresponding to the input
speed rather than the output speed, and while the relative sliding
velocity at each engagement can be made quite small, the total
sliding distance under output reaction loads represents a consid-
erable power loss. The possibilities for the greatest gain in a
high ratio reduction lie in determination or discovery of methods
to reduce this 1nherent loss in differential action.

16
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DISCUSSION

INTRODUCTION

The Cycloid Cam Transmission has attributes which are different
than those found in conventional gear systems. It incorporatesadn
eccentric input; a plate whose peripheral surface is continuously
profiled with a sequential serics of identical cam lobes, reaction
pins and reverter pins. The aforementioned drive elements
remain in constant engagement, whereas with gears the load is
carried by a relatively few number of teeth in mesh at any given
instant. The absence of mesh interrputions as occasioned in gear
transmissions, eliminates noise, heating, backlash and roughness
and inhibits the generation of destructive dynamic loads. The
energy conserved is reflected in the greater efficiencies made

possible with Cycloid Cam Transmissions.

There is another more fundamental reason for the basic superiority
of the cycloid cam principle. The cycloid permits only pure rolling
action because it is described by a point in the plane of one circle
as it rolls on another.

. The study effort is designed to demonstrate the preferable charac-
teristics of the cycloid cam drive. The study begins with a review
of roulettes, of which generic family the epitrochoid is a member,
and from which the equidistant curve is generated. The equidistant
curve is the actual profile of the cam lobe surfaces of the cycloid
cam drives.

Kinematics of Trochoids and Roulettes

| A roulette is a path made by a point located in the plane of one

! curve as that curve rolls on another. The number of possible rou-
lettes is infinite. Those mostly used in engineering practice are the
trochoid and the involute (of which the cycloid and cardiod are

special cases).

| All roulettes made by a point in the plane of one circle as it rolls
on another circle are termed trochoids. When the tracing point is
in the circumference of the rolling circle, the trochoids, because
of their general usefulness are specifically known as:

17
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Epicycloid, when the generating circle rolls on the outside
of the fixed circle.

Cycloids, when rolling on a straight line.

Hypocycloids, when rolling on the inside of a fixed circle.

Peficycloids, when the rolling circle is larger than the '
fixed circle and the inside of the rolling circle rolls on the
outside of the fixed circle.

The Epitrochoid is of particular interest in this study. The Prolate
Epitrochoid, a special case of the Epitrochoid, in which the tracing
point lies within the circumference of the generating circle, is
adaptable to the design of multilobed cycloidal cams. Its adapta-
bility is attributable to its lack of cuspiness, inherent in the epicy-
cloid, and its freedom from reversion, characteristic of the Curtate
Epitrochoid.

Drawing 6144D46 graphically portrays the generation of the epicycloid.
The layout displays a six-lobed cam on which two lobes are fully
developed. The relationship between base circle, generating circle
and number of lobes is:

R
a
Where:

R = Base circle radius

a = Generating circle radius

]

n = number of cam lobes and reduction

Generation of the Equidistant Curve

The epicycloid begins and ends abruptly at the base circle in a dis-
continuous cusp. A roller of any diameter other than a point could

not traverse this path. The epitrochoid is more adaptable in this

sense as it can accommodate a limited finite pin size. When the

design requires a heavier pin than the compliance of the epitrochoid
can effect, resort must be made to the equidistant curve. The
equidistant is generated by making the epitrochoid the centrode for

a system of circles equal in diameter to the required pin size. Drawing
6144D46 illustrates the relationship between these curves and the num-
ber in which they are generated.
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The equation of the Prolate ’Ep'itrochoid in paramefric form is:

Xp = (R+a) Sin @ + b Sin (H+a) @ -
a

Yp = (R+a) Cos @ + b Cos (R+a) @ |

The derivation follov)s: . E

s
m
i GL 8
! Gl
i +
Cam '-1 =
Center
¥ ¥
X = (R+a) Sin @ + b Sin (R+1) (v)]
a
y = (R+a) Cos @ + b Cos (R+1) @
a
Where:
R = Base Circle Radius
a = Generating Circle Radius
b = Tracing Circle Radius
n = R/a = Number of lobes
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The equation of the equidistant curve in parametric form is:
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_ Cos( B +@)
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Kinematics of The Reaction and Reverter Rollers

Drawing 6144D46 develops the centrode of the reverter bores and
the locus of the contact between reverter pin and bore. The lines
joining the corresponding reverter bore ceuters and contact points
as the cam advances demonstrate the rofation of the reverter bore
about the reverter pin center. The reverter bore rotates apout’
the pin center in the same sense and in synchronism with the input.

In hke manner the reaction rollers rotate at a non-uniform angulzu
velocity in a clockwise rotation or more ‘generally in the same
sense as the input. Thus as the cam migrates from one pin to
another the reaction rollers and reverter bores each complete a
mu revolution with respect 10 ground but ina contra d;rectxon {o

> cam.




.DRIVE LOAD ANALYSIS

As the input is a uniform rotary motion so is the contra rotation

of the cam plates. Every full rotation of the eccentric imparts to
the cam plate a primary motion in one direction about a circle of
radius e (eccentricity). This is accompanied by a secondary
motion of counter-rotation or retardation through an angle equal to:

Q= (lflp-nL) x 27T
(“L )

Where:

I

Np number of pins

number of cam lobes

ng,
@

The meshing of the cam lobes and reaction pins ensures a hypotro-
choidal action of the cam plate reverter bores, to provide an exact
ratio of reduction between the angular rotation of the drive shaft,
and the secondary rotation of the cam plates. The total motion of
the cam plate is a combination of the primary and secondary
motions, and these are transformed into the uniform rotary motion
of the output by the reverter pins. The study is simplified by
employing a system of four-bar kinematic linkages operating
together or in parallel as illustrated in Figures 1 and 2 on Drawing
6144D47.

angle of contra rotation

Figure 1 depicts the system for the interaction of one pin with
instantaneous center at ¢c. The Force F at radius e provides the
turning moment to be resisted by the forces Fi1, F2, F3, etc. with
moment arms CR}1, CR2, CR3, etc. The magnitudes of these forces
are inversely proportional to their moment arms. By the resolu-
tion of the forces around the pins, all the loads normal to the rever-
ter pin arms are found to be of equal magnitude. - This is a necessary
and sufficient condition to insure a uniform rotary output under load.

The Cycloid Cam theoretically contacts all the reaction rollers.
Consequently, there is a system of four-bar kinematic chains opera-
ting simultaneously and in parallel with the one of Figure 1. For
each system the force contribution at the pins P is equal, but not
necessarily the same as that for any other chain. Therefore the sum
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Dynamic Load Analysis

The dynamic loading is occasioned by the flywheel effect of the
rotary and translating masses. The total energy of the system at
any instant is the sum of the energies of the rotating and trans~
lating parts. The various energies embodied in the system are:
2 ' : -

E1 =1/2mvj—» [Cam plates, eccentrics(main and revertexj

= Wllwg—) ECam plates, eccentr_ics(main atid revertexﬂ

- 2
Ej = 1/212w2-)ECam plateg

s 1/213u’§—> E%eaction Rollerg

Total Energjr

- 2 2 2 .0 2
K E =1/2mv +1/2Lyw $4+1/21 ,wr o +1/ 21 awry = F x
11 1 11 27 2 St k-Z'xc'e(rpm)
T/e ,
Differentiating

[/2mv1+1/211ur 2 1/21 s 541/31 w‘] d (FxL)
at

mv,dvq+1 dwr g +lgur +lawf g d sl -FdL
1dt111_d_t_122——-—231dt1 at

Since .JI and Jz are constant

aw =dw o=0
dt . dt e

and N
mvidvy = Fvj

dt
Whereby:

F=mdv avy
dt
Or

F=mv
el
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Thus the dynamic load is directed along the line of eccentricity and
is equal to the total mass affected with the acceleration. (v ) is the
instantaneous linear velocity of the input crank eccentric.

Figure 3, Drawing 6144D47, illustrates the graphical solution for
the determination of the instantaneous center of the system as a
function of its inherent inertia when operative. A line joining the
input and oufput velocity vectors a and b respectively, intersects
the line of action of the dynamic load at the instantaneous center.
Through this point pass all the action lines of the cam and roller
bearing reactions.

Analytically, the same result is established quite simply by the
relation,

€ l.,d'i G ROUJ'O
Where:
e = egcentricity

w7 = input angular velocity
w’O = output angular velocity

I'ne distribution of the dynamic load over the supporting reaction
rollers is: -

¢ B2
Z vy, =P £ Cos ¢ © Flknown)
/2
P, - F/E Coso C o
Py = F Cos” 2o
"2 road/2
é._COS a d’l

Consequently, the total load on the respecinve reaction rotlers is the
sum ot the drive load and the dynamic ioad. This total load, con-
verted into Hertz stress, determines the adequacy of the load contac:
area.
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The load distribution at the bearing points, being a function of the
geometry, has a fluctuating characteristic around the cam periphery
as shown in Drawing 6144R17 for the 30:1 reduction. Simpson's
Paraboloidal Rule applied to the load spectrum provides a weighted
average equivalent load for bearing selection or design, compatible
with the life and speed requirements. Shown on the same drawings
are the reverter pin bearing loads, which display a similar fluctu-
ating characteristic over the full complement employed. Bearing
recommendations on these weighted averages, evaluated by Simp-
son's approximation serve also to establish these required
capacities.

Simpson's Paraboloidal Approximation has the form:

Y= - X Yo+4y1+2Y9+4yg+ ==Y
n

Where:
x=1
Y0, ¥1,Y2, etc. = Load ordinates atk =0,1,2, etc.

n= kn where n is even

DESIGN CRITERIA

The design criteria governing the kinetics and kinematics of cycloids,
are not as wezll defined analytically, or empirically, as more conven-
tional systems. The resort to graphic analyses in the earlier part of
the context, and its substantiation by line studies, validated the
results. It was necessary to reduce the cam to a system of four-bar
kinematic chains in order to resolve both the torque and dynamic
lo)ads. Drawing 6144D47 illustrates the procedure.(Figures 1,2 and
3).

The reduction is established from the relation

R

== =N

a

Where:

R = base circle radius

a = generating circle radius

n = number of cam lobes and reduction.
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The eccentricity e provides good equidistant cam surfaces when:
= (60% - 75%)a | |
e determines the crank bearing load.

Fog = HPX 63000
rpmxe

Since the center cam has twice the sectxon of the end plates the
eccentric bearing load per plate is defined as: '

= HP x 63000
"'4"‘ 4xrpmx‘e

For the units under conslderatxon, this value should run to approx- |
imately 3000 pounds per single cam piate. .

The crank bearmgs also support the dynamlc load Hence the com-
bined load is: -

Whei_e:

e = éccentricity ) .
w- = input (2Txrpm)

m =W

g

The drive loads on the Reaction Rollers are established by the four-
bar kinematic chain, as per Figure 1 of Drawing 6144D47. The
input dynamic loads on the Reaction Rollers are proportioned in
conformance with Figure 3, on the same drawing.

The adequacy of the cam and bearing surfaces must be established
by an investigation of the Hertz stress, where:
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1/2

Hertz [175 x Ex Pmax (1/R+1/r)}

For the cam surface, P,y is equal to the highest load encountered

Where: : . |
R = Radius of curvature at point of contact

r = Radius of reaction roller

E = Young's Modulus

L = Roller length

For the Reaction Roller needles and inner race

n
and where:
R = Inner race radius
r = Needle roller radius
L = Roller length
P = Total load supplied by roller i
n = Number of rollers

In both cases, the maximum Hertz Stress should not exceed
324,000 psi.

The reaction and reverter needle roller bearing capacities must be
predicated on a weighted radial load. The load spectrum for the
reverters and reaction rollers provide weighted average values
when Simpson's Paraboloidal Approximation is applied.

Superimposed on the loading of the reverter eccentric bearings, in
addition to the transferred input drive, is the dynamic effect of the
unbalanced eccentric reverter masses rotating at input speed This
load is represented by:

F = meu)'2
ED

Where:




m = wo
g

e = eccentricity
w = 27 xrpm
where:

the rpm is the input speed.

The analytical section of this discussion describes the rotation of
the reaction rollers, and the reverter eccentrics, as non-uniform
and uniform respectively, although each makes one revolution for
each revolution of the input. Despite the resolution of the required
bearing capacities, on a weighted average load basis, it is necessary
to re-examine the bearing design for maximum Hertz stress. The
figure of 324, 000 psi must not be exceeded. If design compromises
cannot be effected to comply with this criterion, recourse must be
made to a material such as Consutrode 8620, which invests bearing
design with 336% of the capacity of conventional materials, authority
of the Hyatt Roller Bearing Company.

The foregoing material establishes all the design parameters unique
to the cycloid drive. The adequacy of all supporting componentry is
determined by the usual stress analysis pattern.

In review, the design criteria might be outlined as follows:

Crank bearing load

Fop - HP x 63000

rpm x e

CB ~

Reduction, number of cam lobes and determination of physical size
of base circle.

B = n

a

Where:
a= e

(60%-75%)
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and 2 must be a whole number contained in R, n times.
n = whole number (reduction)
Crank bearing load/cam plate

Fcp = HP x 63000
4xrpmxe

Fcp = 3000 pounds in preliminary design
Resultant crank bearing load

*

*Dynamic load (Figure 3, Drawing 6144D47) e

Where:

m = (- Mass of all pieces contained in a cam plate lamina |

g

Cam Surface Hertz stress .
Hertz, ., = |:175 xEx(1/R+ 1/r) Pmaa 1/2
L

Hertz max should not exceed 324,000 psi

P = |P max

max Drive Load * PDynamic Load

Reaction roller needle bearings

Weighted > Load = FR =AX Eo +4y’1 + 2y2 + 4y3 + --—ygl

Equivalent 3xn
Average

Where:
Yo»¥1,V¥g, €tc. = reaction roller load ordinates at 0, 1,2,3, etc.

Yo Y1: Y9, etc. preflects the sum of the drive and dynamic loads per
Drawing 6144D47.(Figures 1,2 and 3). ‘

30




Base bearing selection on weighted equi.va”lent'- load, input speed and
1000 hours B-10 life. Re-examine bearing for maximum Hertz -
stress. s B SR A 1

324,000 H__ = [175 x E x (1/R + 1/r) pmagl/z

max
L

Reverter eccentric needle bearings

Weighted> Load FE AX &Asi‘l‘ +_2y2'+4y3+._-;;;yg )

Equivale ‘3Xn
Average

Where:
Vo:Y1,¥52, etc = reverter load ordmates at 0,1, 2 3 etc
yo,yl,yz, etc -ﬁreflects the sum of the drive loads tmnsferred Lo
" the reverter pér: Drawmg 6144D47, plus the
reverter eccentrlc dynamlc load. . :

Total bearinﬁ_}l_qu = E + _,.me“w__'“z ,

Where:
m = W = eccentric mass’
g a "% on

e input eccentricify

t

W= input rpm
Base bearing selection on weighted equivalent load plus the unbalanced
dynamic force, input speed and 1000 hours B-10 life.

Re-examine bearing for maximum Hertz stress,

Where:

324,000 Hp., = | 1752 Ex(1/R+1/r)P
L

General statement on bearing design when re-examination shows

Hmax exceeds 324,000 psi, reduce H to values wlthm surface endur-
ance limits by 1ncreasmg R, r and possibly L.

max | 1/2
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Design

Cycloid cam reducers were reviewed as single and multistaged
units. The multistaged units were restricted primarily to double -
stages. Modular design investigations involved the paralleling

of primary reducer units to achieve greater capacity.

The single stage unit is universally adaptable in all reasonable
reduction ratios up to, and including 150:1, dependent on the

power requirements, input speeds and design balance deuired.

For heavy power requirements at high reductions and input speeds,
the componentry becomes excessively large to safely accommodate
the transmission and dynamic loads. A threshold configuration
has been established, and is referred to a basic 280 horsepower
unit with a 6000 revolutlon per minute input. In a 29:1 reduction,
this unit compares very favorably with traditional designs of

only 1/3 the overall reduction and by weight 30 percent heavier.

Extendmg the reduction to 150:1, a transmission of 280 horsepower
with 30,000 rpm input necessxtates staging. Recourse toa 10 x 15 .-
or 12 x 12 reduction is an approach open to this requirement.

Jet engine capacities are augmented by adding stages without
appreciably affecting frontal areas. A modification of this design
attitude is predicated in the proposed modularization program for
transmitting power in multiple levels of 280 horsepower (Drawings
6144R43 and 45, and 6144D48, 49 and 51). These basic units
become featured building blocks, applicable to engines requiring
transmissions capable of handling 280-2520 horsepower.

Employing these units in parallel requires gear couplers. As
these modular drives are uniformly disposed, in a radial pattern,
about the input and output centers, the gear couplers fore and aft
c¢an contribute some primary and tertiary reduction. This makes
possible a lower intermediate, but high order reduction in the
cycloid stage of 19:1. A small module envelope is achieved which
predisposes the »verall configuration to lesser dimensions. The
basic 29:1 reduction is designed to accept an input speed of 6000
rpm, as compared with 4760 rpm for the 19:1.

To achieve output speeds of 200 revolutions per minute, the 29:1
units require no reduction in the power collector gears when
operated in parallel. The 19:1 units fashioned into a similar
grouping require a 1. 26:1 reduction from the cycloid stage to the
output gear. Thus a 24:1 speed drop or torque conversion is
effected.
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In multilevel 280 horsepower drives, where geometry discourages .
any augmentation of the cycloids, 29:1 straight thru reductions are
proposed. The 19:1 units will be reserved for modularized drives
where the couplings will be conveniently accommodated with very
small reductions at the fore and aft ends.. These departures make .
possible reductions of the order of 150; 1 or less, with only a change :
in the front gearing. '

Standardization by this recourse provides a spectrum of modular-
ized high horsepower cycloid drives with the aforementioned 29 1
and 19:1 basic reduction units.

The 2600 horsepower transmission displayed schematically on
Drawing 6144D48 is a singular application of the 29:1 unit used in
a multiple array. Complexity is minimized because no additional
reduction is needed. All gear couplings are locked in at 1:1,
 Contrariwise, the 19:1 unit requires added reduction gears tore
and aft in additxon to the 1:1 basm couplers. :

The 29:1, 2500 horsepower confxguration applied to a 150 1 overall,
reductmn requires only front reduction gears with a 5:1 ratio, in
addition to the distributors, but no reducers to accommodate the
collector gears. The comparable 19:1 configuration commands a
small girth dimension, but more complexity due to the mclusion
of reduction gears along with the counlers.

The preference of one or the other is a function of the explxmt
application where a saliént figure of merit will order the selectiqn,

The 840 horsepower configuration (Drawing 6144R51) benefits more
profitably from the adoption of the 19:1 cycloid reducers. The
geometry lends itself to the dual function performed by the gear
couplers doubling as reducers.

The cycloid reducers have limitless possibilities when properly
applied. The study has centered about 19:1 and 29;1 units as build~
ing blocks due to their flexibility for incorporation into Hehcopter

and VTOL systems without exceeding existing canfiguration envelopes
and promising weight reductions of 30 percent of that of traditional
transmissions. o

The foregoing designs are all endowed with an auto-balance t:éatu’re o
which ensures their smooth and vibration-free action. The epigy~ .
cloid cams, because of thexr gyrations, develop very high unbalanced, i
dynamic loads. ' The cam's lack of fixed phase relationship mth the
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input crank rotates the cam's center of gravity about that of the
eccentric. The best corrective balance is achieved by separating
the total cam into 3 laminae, establishing the thickness of the
middle one as twice the width of the adjacents and finally phasing
the middle plate 180 degrees out of registration with the other
two. Thereby, not only is the dynamic load balanced, but also
the drive load. The fore and aft crankshaft bearings are thus
able to be minimized because they are load balanced and serve
merely as spinners.

An unusual advantage of these drives despite their high reduction,
is their complete freedom from backlash. If any exists, it is

not perceptible. The 18:1 display model exhibited this remark-
able action, and yet it was devoid of any bind.

Despite the emphasis placed on the units under consideration, the
study does not imply their usefulness is limited to these modules.
Rather, they were used as reasonable and well-considered
examples to display the favorable characteristics of the cycloid
reducer. Further is written about variations on this drive and

its implications under PLANS FOR CONTINUING PERFORMANCE.

24




Specification for 280-Horsepower Transmission

II.

1L

e
3

!

INTRODUCTION . (

This specification sets forth the design objectives, con-
figuration, design loading, test program and data
requirements for a 280-horsepower helicopter frans-
mission. o

DESIGN OBJECTIVE

A. The transmission shall be designed to have an over-
haul life of 1000 hours.

B. The transmission design target weight, including .
main rotor drive shall not exceed 112 pounds.

The rotor shaft outside diameter or contour shall
be such as to accomodate test stand adaptors for
U.S. Army test stand, drawing number AA~17A -
0056, dated 19 May 1960,

Q

D. Consideration shall be giveu to assuring a mini-
mum noise level.

13

 E. The transmission is an experimental model to

prove out the cycloidal cam principle. It is not
required to be airborne, but is designed to meet
general helicopter specifications such as
MIL-T-5955A and MIL-~-T-86798,

CONFIGURATION

A, The transmission shall incorporate a basic auto-
balance cycloid cam reduction system.

B.  Aircraft MIL lubrication oils shall be used.

Pressure lubrication from an external oil supply
shall be incorporated. '
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DESIGN L.OADING CONDITIONS

The transmission shall be designed for 280-horsepower
with an input speed of 6000 rpm and an output speed of
315 rpm at the rotor mast. Transmission reduction
ratio shall be 19 to 1.

A. Power Loading Conditions

1. ~Power Train

For bearing analyses, the following percen-
tage operating time breakdown will be used:

Full Rated Power - 15%
90% Rated Power - 35%
75% Rated Power - 50%

Torsional oscillating load of ¥ 25% shall be
superimposed on the above loads.

A peak load of two (2) times full rated power
shall be used as a strength criteria.

B. Flight Loads

The flight loads applied at the teetering pin of the
rotor are as follows:

1. Maximum Load Condition

a. Vertical. . . . . . 7,960 pounds
(Along rotor shaft (Upwards) -
centerline)
b. Horizontal . . . . . 1,400 pounds
(Perpendicular to (any
rotor mast) direction)
2. Average Load Condition
a. Vertical « + «+ « . 4,020 pounds
(Upwards)
b. Horizontal . . . . . 425 pounds
(Forward)
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The preceding flight loads are limit, or actually
applied loads, To obtain ultimate loads for struc- .
tural considerations, the above flight loads are to
be multiplied by a factor of 1.5. Casting factors of
1.15 and 1.25 for limit and ultimate loads, respec-
tively, shall be applied to all castings,

TEST PROGRAM

The transmissions shall be subject to experimental no-
load testing and a 50-hour torque load test.

A. Test

1. The transmissions shall be tested as pe_r' '
Western Gear Corp. no-ioad test procedure.

2. The transmisgions shall be torque load tested
. as per Western Gear Corp. 50-hour load test
procedure. The loading method is based on
the back-to-back principle. :

7

The above tests shall be conducted by Western Gear
Corp. at their facility. Western Gear Corp. shall
conduct such other tests at their facility as they
deem necessary to assure delivery of transmissjons
with correct assemblies.

B. Reports

Test results, including photographs and inspection
of parts, shall be included in the test report.

DATA REQUIREMENTS

Western Gear shall submit the following engineering data
to USA TRECOM concurrent with the dehvery of the.
experimental transmissions: -

A. One reproducible set of final drawings with two (2)
copies shall be forwarded to the contracting officer.

B. Three (3) sets of completed final drawings shall be
shipped with the transmissions. )
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Specification for 840-Horsepower Transmission

1L

IIL

INTROD UCTION

This specification sets forth the design ob;ectwes con—
figuration and design loading for an 840- horsepowe'- sl
helicopter transmission. .

DESIGN OBJECTIVE

A.

The transmission shall be designed to. hav a
haul life of 1000 hours. -»

The transmission desi-‘gn' target weig'htl;‘.'i.h‘él
main rotor drive shall not exceed 336 pounds

The rotor shaft outslde dxameter or contour shall ‘ 3
be such as to accommodate test stand adaptors for
U.S. Army test stand, drawing number AA-17A~

0056, dated 19 May- 1960. P ToeE <

Consideratlon shall be glven to assurmg a mmimum R
noise level : 3 FEEE:

The transmlssmn is an expemmental model to. prove ‘
out the modular concept of the cyclo1da1 ca; edi
cers. It is not required to be airborne, but'is '
designed to meet general helicopter spec1f1cat10ns
such as MIL-T-5955A and MIL-T- 8679

CONFIGURATION

A.

B.

The transmission shall mcorporate three (3) ba,slc
cycloidal cam reduction systems. .

Aircraft MIL lubrication 01ls shall be usecl ;Pres—i
sure lubrication from an external oil supply ,sh l‘;be o
incorporated. T e AR
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DESIGN LOADING CONDITIONS

The transmission shall be designed for 840-horsepower
with an input speed of 6000 RPM and an output speed of
207 RPM at the rotor mast. Transmission reduction
ratio shall be 29 to 1.

A. Power Loading Conditions

1. Power Train

For bearing analyses, the following percent-
age operating time breakdown will be used:

Full Rated Power - 15%
90% Rated Power - 35%
75% Rated Power - 50%

Torsional oscillating load of *25% shall be
superimposed on the above loads.

A peak load of two (2) times full rated power
shall be used as a strength criteria.

B. Flight Loads

The flight loads applied at the teetering pin of the
rotor are as follows:

1. Maximum Load Condition
a. Vertical. . . . . . 17,500 pounds
(along rotor shaft (upwards)
centerline)
b. Horizontal . . . . . 3,080 pounds
(perpendicular to "~ (any
rotor mast) direction)
2. Average Load Condition
a. Vertical. . . . . . 8,750 pounds
' (upwards)
b. Horizontal . . . . . . 920 pounds

(forward)




V.

The preceding flight loads are limit or actually
applied loads. To obtain ultimate loads for
structural considerations, the above flight loads
are to be multiplied by a factor of 1. 5. Casting
factors of 1.15 and 1.25 for limit and ultimate
loads, respectively, shall be applied to all
castings.

TEST PROGRAM

At a future time, a coordinated meeting will be held with
TRECCM to establish a test program and procedure.
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CYCLOIDAL CAM TRANSMISSION. CONFIGURATIONS

The kinematic data and geometrical results tabulated in the accom-
panying Table 1 are compiled for ready reference. The Table is an
abstract, published in Machine Design of February, 1847, The
abstract is from an original paper by Allan H. Candee of the
Gleason Gear Works of Rochester, New York, on the general prin~
ciples of geometry and kinematics as applied to the design of
rotating disc cams with flat followers having straight line motious.
For any of the listed cam profiles, the follower nmwotions resulting
therefrom are fully described along with the kinematic features of
a particular system's inversion. In each of the five cases, the
motion has a simple mathematical description from which the
related curves can be directly described and identified,

In the same sense, inversion of the epitrochoid reducer systcm
changes the input-output ratio, and effects an output rotation of
opposite or same-hand, referred to the input.

Cycloidal Cam Transmissions have four basic elements. These
consist of eccentric, cam plate, reaction pins and reverter pans.

Transmissions can be designed using severul combinations ok
elements. In the several arrangements, power ingut and pover
output elements differ. The possible combinations are listed
below. See Item 28, Summary, for the otnher arrangements
(Type E, F, G, H).

Power Power Directivas of
Input - Output Stationary Output Input ard
Type To From Element  Ratio  Qutput )
A Eccentric Reverter Reaction 1 Oppos, e
Pins Pins N
B Eccentric Reaction Reverter 1 Similar
Pins Pins N1
C Reverter Reaction Eccentric N Similavy
Pins Pins N+1
D Reaction Reverter Eccentric N:1 Similar
Pins Pins h
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The foregoing considers only a single stage design. When consid-
ering a multi-stage design, various combinations are possible,-
each of which may have advantages or disadvantages for a specific
application. The various possible arrangements to consider for

a two stage design follow. ‘

TWO STAGE COMBINATIONS

First Stage Second Stage
A B Power input rotates 1st stage
L Ly eccentric
; A 1st stage reaction pin cage
& — stationary
input output 1st stage reverter pin cage
rin anr drives 2nd stage eccentric
Nl N2 ' 2nd stage reaction pin cage
stationary

2nd stage reverter pin cage

atols -N-l:-l-ﬁz- ‘ drives the load
A B Power input rotates 1st stage
- . T} out- eccentric
N 1 T 'put  1st stage reaction pin cage
inplit L7 —g stationary
== 1st stage reverter pin cage
nr drives 2nd stage eccentric
Ny Ny 2nd stage reverter pin cage
stationary
Ratio = 1 2nd stage reaction pin cage
W drives the load
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First Stage Second Stage
A C
L4ty
L F output
input ) v
mr
N Ng
Ratio = N2
N1(Na+1)
A D
28l
? ] output
input & -Fg, ‘ &
n”z
N1 N2
Ratio = No+ 1
NNy

Other possible combinations are:

Bto A
Bto B
BtoC
B to

Cto A
CtoB
CtoC
CtoD

Power input rotates 1st stage
eccentric

1st stage reaction pin cage
stationary -

1st stage reverter pin cage
drives 2nd stage reverter
pin cage

2nd stage eccentric stationary

2nd stage reaction pin cage
drives the load

Power input rotates 1lst stage
eccentric

1st stage reaction pin cage
stationary

1st stage reverter pin cage
drives 2nd stage reaction
pin cage

2nd stage eccentric stationary

2nd stage reverter pin cage
drives the load

DtocA
DtoB
DtoC
DtoD

Isometric drawings have been made of four of the basic single stage
combinations (A, B, C,D) and one of a two stage (A to A). These
serve to better show the action and point out some problems that
may be encountered in future designs. These drawings are:

Figure

=N RN

Type A single stage
Type B single stage
Type C single stage
Type D single stage
Type A to Type A Two Stage
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CAM LOBE.STUDY

Figure 9 depicts a composite cam lobe study for various configura- .
tions. The different contours reflect cam designs considered for

staged reductions. Applied to tandem units employing 1. 00 inch

diameter reaction rollers, it provides a ready comparison of . .
compatibilities for the selection of areas available for reverter

pins, crank bearings and cam lobe contours. The 1.00 inch

diameter roller has been retained as a design parameter in most

approaches to date.
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LUBRICATION

Cycloidal Cam Transmissions present no new lubrication prob-
lems. Cam transmissions operated with a horizontal shaft axis
could have lubrication provided by splash and/or directed oil flow.

Cam transmissions operated with a vertical shaft axis could have
lubrication provided by directed oil flow.

Housings for either horizontal shaft or vertical shaft designs
could have the required oil pressurizing pump incorporated and
transmission driven to produce oil flow. An alternate scheme
would be to provide a separate oil reservoir with an attendant
pump separately driven. In such case, o0il would be piped to the
transmission for directed oil.

Standard aircraft oils are recommended, such as MIL-L-7808,
MIL-L-6086, MIL-L-6081, MIL-O-6082, MIL-L-7870. These
oils are preferred for aircraft transmissions because of their
broad temperature operating range and lubrication iransmission
qualities. In particular, MIL-L-7808D has the broadest tempera- 4
ture range, good anti-foaming characteristics and fair gear and
anti-friction bearing lubrication properties. MIL-L-7808D has a
shelf-life of 5 years, pour point at -75° F and flash point at +400° F,
Of the MIL oils listed, it is recommended that MIL~-L-6086 be
used for the transmission.
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DESCRIPTION OF MODELS

The model was made to illustrate the Cycloidal Cam Reducing
"Principle. For model purposes, a simple, 3-lobe cam was used,
as this facilitated hand fabrication and provided the fewest cam
lobes to describe the action. In fact, this cam was cut out of
plywood, using Drawing 6144E5 as a template.

In order to make the cam motion more easily observable, the
output members, which in this case consist of 3 reverter pins and
a spidered cage, were not assembled to the model.

The input, in the model, is represented by a disc upon which is .
painted a white dot. The output is represented by an arrow painted
on the cam face.

The three (3) following photographs depict one complete revolution
of the cam, in three positions:

1st Postition (Photographs L-9695 and 1.9697)

Input dot and output arrow line up in Photograph L-9695. The input
revolves once counterclockwise, while the output arrow makes 1/3
revolution clockwise, as. shown by Photograph L-96917.

2nd Position (Photographs L-9697 and L-9696)

Input dot again makes a complete counterclockwise revolution, while
the output has now moved a total of 2/3 revolution in a clockwise
direction, see Photograph L-9696.

3rd Position (Photograph L-9695)

A third revolution of the input dot in a counterclockwise direction
brings the cam back to its original position as depicted by Photo-
graph L-9695. Thus it will be seen that the cam has revolved once
in a clockwise direction for three (3) revolutions of the input in a
counterclockwise direction.

Model Results

Model No. 1

This was the simple, 3 lobe, wooden construction model made solely
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for demonstrating the cycloidal action of the system.

Bearing this in mind, this model served its purpose, but the
operation of the workmg parts left a lot to be desired, mainly due’
to the unevenness of the cam plate, which was cut by 'x band saw -
blade, followmg a drawmg print template

Model No. 2 (Display Model Drawing 6144B27)

The study had proceeded far enough along for a serious atterhbt to
be made to design and construct a more sophisticated model.

The release of drawings to Western Gear's Experimental Shop was -
completed by October 4, 1960, and fabrication of parts proceeded
without snags arising. The cam plates were [ly-cut with the tool
shown in Photograph L-9917. The main components were ready
for assembly by October 11th and {itted together extremely well,

The rotating assembly was fmally assembled to the outer case and
base on October 17th. '

The functioning of the finished assembly was pleasing. The smooth;-
ness and quietness of operation were immediately apparent, and
backlash was undetectable. 'As this model is a miniaturized version
of the 280 horsepower unit' these results are very encouraging.

The reductlon ratio of this model is 18:1 and the design mwrporatea
the auto-balanced, 3 cam plate prmczple where the cam plates are
phased at 180 degrees.

The model is 1llustrated by Flgure 10 and Photographs L.-9996, 9997
and 9980.

Photographs taken during the manufacture of the model components
are: '

L-9914 - Cam Cutting

L-9915 - Finished Cams

L-9916 - Cams Being Checked for '"Phasing"
L-9917 - The Fly-Cutting Tool for Cam Form.




Computer Research.

The expressmns far X and Yg, parametric’in @, cover the general
case wherein the equxd%stant curve may be wholly above or below the
base circle or have a crossover. : .

The development of the display model cams for an 18:1 reduction
was special in that the cam surfaces did not cross over the base
circle. A simplified expression for manual computation was
developed for this purpose

where:

Xg = (R + a)Sin® +bSin|(R+a ) (R+a)Sin@+bSin . (R+a)@ -RSing
(Ta ) (a)

[/b2+a2-2abCos(180°-Rx @ )
&

pov ——

Yy = (R+a)Cos@+bCos|(R+a) ¢ (R+a)Cos@+bCos (R+a)@ -RCos@
(a) (Ta)

Vb2+a2-2abCos(180° -R @)
a i

The more general expression was programmed for the Univaec 120
here at the Western Gear Corporation facility. The integrity of the
two expressions was verified by the machine and manual computation,
The results substantiated each other to the same degree of accuracy.

Figure 11 illustrates a typical programming card for the X, and Yg
coordinates for any cycloid cam profile. The one dlsplayeg isa
reproduction of the original card run to verify the: 18:1 redugtion

data.

The cam cutter profile for the 18:1 reduction display model drive is
depicted on:

Drawing Number 6144D38 (10x size)

Drawing Number 6144E39 (20x size)

Drawing Number 6144R40 (50x size)
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Tabulated results from the evaluation of the various terms in the
parametric equation for the Y, ordinates over one cam lobe peri-

phery follow. Similar tabulations are necessary for the X
abscissas but are not included in this report, in the interest of
brevity. :

Y =/2.225 Cos @ + . 0625 Cos (19Q)
-.1875 2.225Cos® + . 0625Co0s(19¢)-2. 1079Cos@

\/. 01762-. 01464Cos(180° -1803)

-

Sample of Data Processing Tabulations For Y_ Coordinates of Model
Cycloid Cam Drive .
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Cos B 198 cos(iog) 2.225Cos (@  .0625C0s19@

[
1 +.99985 19 +. 94552 2. 22466 +. 059095
2 +.99939 38 +. 78801 2.22364 +. 049250
3 +.99863 57 +. 54464 2.22195 - - +.034040 -
4 +. 99756 76 +.24192 2.21957 +.015120
5 +.99619 95 -. 08716 2. 21652 -, 005447
6 +.99452 . 114 ~. 40674 2.21280 -. 025421
7 +. 99255 133 -. 88200 2.20842 ~. 042625
8 +, 99027 - 152 -, 88295 . 2.20335 ~-. 055184
9 +.98769 171 -. 98769 2.19761 -, 061730

10 +. 98481 190 -. 98481 2.19120 -. 061550

Let

B = 2.225 Cos @+ .0625 Cos 1900

2 B 2. 1079 Cos @ B-2. 1079Cos @
1 2.28375 2.10758 . 17617
2 2.27289 2. 10661 . 16628
3 .2.25599 2. 10501 .15098
4 2.23469 2. 102175 . 13194
5  2.21108 2.09986 .11122
6 2.18738 2. 09634 . 09104
7 2.16580 2. 09219 . 07361
8  2.14817 2. 08709 . 06108
9  2.13588 2. 08195 . 05393

10 2.12965 2. 07588 . 05377
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—;
COR-TINDU b N =

s

COX~TITDHW I WN =

[y

0

0. 01464Cos(180° -18)

.01762-. 01464Cos(180° -18¢))

(184  (180°-18¢%  Cos(180°-18¢)
18 162 -.95106
36 144 -. 80902
54 126 -. 58779
72 108 -. 30902
90 90 0. -=mnn

108 72 . 30902

126 54 58779

144 36 80902

162 18 .95106

180 1. 00000

-. 013923
-.011844
. 008605
. 004524
-.00~--~~
. 004524
. 008605
. 011844
. 013923
. 01464
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. 03154
. 02946
. 02622
. 02214
. 01762
. 01310
. 00902
. 00578
. 00370
. 00298




L)

QO O-INDUM W=
=t = DN NN NN

[y

Y X 20X 20y Ay

.098 .036 . 720 41.960 3.040
. 091 . 070 1. 400 41. 820 2,900
. 081 . 101 2. 020 . 41,620 2. 700
. 069 . 129 2. 580 41.380 2. 460
. 054 . 154 3.080 41. 080 2. 160
. 039 .176 3. 520 40. 780 1.860
.021 .198 3.960 40. 420 1. 500
.998 . 226 4, 520 39.960 1.040
.970 .27 5. 420 39. 400 . 480
.946 . 343 6. 860 38.820 @ -----
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@  \[01762-,01464Cos (180° ~180D)

rn .
CWOTI®D Ui WHN =

o

[y

QO O=-IN Ui LN M

.178
172
. 162
. 149
.133
. 115
. 095
.076 .
. 061
. 055

.1875 B-2.1079 Cos@d

vV 1(180)

. 1854
. 1812
. 1747
. 1660
. 1567
. 1484
. 1452
. 1506
. 1657
. 1833
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. 098
. 091
. 081
. 069
. 054
. 039
. 021
.998
.970
. 946

B-2. 1079

. 1897
. 9667
,9319
. 8855
. 8362
.7916
. 7748
. 8536
. 8840
.9776




DESCRIPTION OF PRELIMINARY DESIGNS

Introduction

A basic Cycloidal Cam Transmission consists of an input shaft with
an eccentric attached. Rotatably mounted on the eccentric is a multi-
lobed cam plate having X number of lobes of modified epitrochoid
profile. '

Rotation of the input shaft causes the cam plate to describe an eécen—
tric orbit. The orbit is a circular path of diameter equal to the dif-

ference in height between the crest of one lobe and the valley between

2 adjacent lobes.

"An X plus 1'number of reaction shafts/rollers are mounted in a fixed

housing or cage concentric with the input shaft axis. These shafts
are so positioned that when a shaft is in the valley between two lobes
another shaft is resting on the crest of a lobe 180 degrees removed, .
when an even number of rollers is involved. For an odd number two
rollers straddle the centerline 180 degrees out of position with the
roller riding a cam crest. When the input shaft is rotated the cam
plate moves in the before-mentioned orbit and rotates in the path of
interference created by the reaction shafts, Because there is one

less lobe than reaction shafts each revolution of the eccentric rotates .

the cam plate an amount equal to one cam lobe. For example, if a 19
lobe cam were eccentrically rotated within a 20 shaft reaction cage
it would require 19 revolutions of the eccentric to cause the cam
plate to make 1 revolution; thus the ratio would be 19:1.

The cam plate being the reduced speed output member, requires that
means be provided to revert the cycloidal motion of the cam plate to
a member rotating on the common axis. This is accomplished by
providing holes or races in the cam plate and locating these races a
uniform radius from the eccentric bore. These races engage the
common axis. The cam reverter races rotate in a cycloidal path
around the reverter but are always making a bearing. In this manner<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>